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Abstract 
Thermo-mechanically treated (TMT) bars have rapidly replaced the conventional High Yield Stress Deformed (HYSD) bars in RCC 
constructions. Due to the heat treatment on TMT bars, the surface toughness of such bars gets altered. Crack initiation and propagation 
characteristics of such bars vary significantly from that of conventional HYSD bars. Micro-cracks usually develop in bars at bend regions 
or may be appearing in straight region due to accidental overloads. Prominent cracks may develop due to the 90o bends at various 
locations, for example at beam ends. These cracks reduce the load carrying capacity and may lead to failure at stress levels much below 
the yield stress. Moreover, the surface cracks at bends are larger in bars with diameters over 16mm, amplifying their effect on the bars. 
Hence, it becomes imperative to study the failure characteristics of TMT bars and understand the progression of damage or cracks in the 
bars once the surface region has been already damaged.  
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Institute of Technology Nirma 
University, Ahmedabad. 
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1. Introduction 
Cyclic tensile tests have been performed on TMT bars in a closed loop, servo-controlled Material Testing System 
(MTS) to determine the effect of presence of a crack simulated by notches introduced before testing. The degradation of the 
elasticity modulus of the material is studied in the framework of Continuum Damage Mechanics (CDM). This enables more 
accurate prediction of the health state and remaining capacity of the bars at a given crack length and stress level. 
To evaluate the damage progression in a notched bar, the bar is subjected to monotonically increasing tensile stress 
till a pre-determined value. Each loading-unloading cycle shows degradation in the elasticity modulus of the material. Each 
bar is subjected to such cycles till failure.  The reduction in elasticity modulus at corresponding values of plastic strain is 
noted and a damage progression curve is generated. Damage progression curve gives a clear idea of the health state of the 
bars. 
Bars of various diameters have been tested with varying notch configurations. A parametric study on elasticity 
degradation corresponding to the bar diameter and notch locations has been performed. A ratio of the strength of the bar 
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with and without notch is also evaluated which gives a normalized view of the strength degradation. This research is
expected to enable us in accurately modeling and analyzing the strength capacity of RCC sections.
2. Damage at a cracked section
The calculation of damage at a point can be done in the framework of thermodynamics of irreversible processes in a 
continuum. Damage can be computed at a point by the equation (Lemaitre 1996):
Where, Ac is the area of cracks in the cross section under consideration and A is the total area of the cross section. Rigorous
details about the formulation of damage has been indicated by Lemaitre [1], Lemaitre and Desmorat [2] and Narasimhan et 
el. [3]. To extrapolate the formulation to a cracked section, the total area of voids in the given cross section is taken as the
sum of crack area and the voids in the remaining so called intact area of cross section. Thus, the damage at a section
containing a pre-defined notch may be computed as:
The damage parameters such as initial and critical damage have been adopted for steel from published literature [1], [4]. 
Initial damage Di has been adopted to be 0.05 and critical damage Dc has been adopted to be equal to 0.4 as proposed by 
Lemaitre [2]. The value of continuum damage may be determined by degradation of elasticity modulus as explained by 
Mingzhe [5], Tvergaard [6], Jubran and Cofer [7].
Damage 
In this equation, is defined as the reduced elasticity modulus of a material and E is defined as the original elasticity 
modulus. Thus, the theoretical value of the damage may be calculated using the void area as explained above and
subsequently, the degraded elasticity modulus may be determined. The experimentally observed elasticity modulus has been 
compared with the so calculated theoretical value for various notch configurations as shown in Fig. 1.
Fig. 1. Various notch positions in the bar (Dimensions are in mm)
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Fig. 2. Test set up for cyclic load on bar 
Hydraulic grips supplied by MTS are used to grip the bar in the set up shown in Fig. 2. The test bar is loaded under 
displacement control running at the rate of 0.01 mm/sec and subsequently unloaded under stress control using MPT 
software.   
 
A parametric study on elasticity degradation corresponding to the bar diameter and notch locations has been performed. A 
ratio of the strength of the bar with and without notch is also evaluated which gives a normalized view of the strength 
degradation. The experimental values of stresses and strains observed in each test have been tabulated in Table 1. 
 
                                              Table 1. : EXPERIMENT RESULTS (8 MM DIAMETER TMT BARS FOR NOTCH TENSILE TEST) 
Specimen 
# 
Diameter Area Modulus 
Of 
Elasticity 
Load At 
Offset 
Yield 
Stress At 
Offset 
Yield 
Load At 
Yield 
Stress At 
Yield 
Peak 
Load 
Peak 
Stress 
Break 
Load 
Break 
Stress 
Strain 
At 
Break 
` Mm mm2 Mpa kN Mpa kN MPa kN MPa kN MPa % 
1 8 50.26548 111216.7 22.33428 444.32641 24.17648 480.97588 24.17648 480.97588 15.26456 303.67869 1.43969 
2 8 50.26548 83242.966 18.23592 362.79211 20.49462 407.72746 20.49462 407.72746 17.1607 341.40123 1.53513 
3 8 50.26548 88498.414 18.56353 369.30974 20.58899 409.60501 20.58899 409.60501 16.00015 318.31297 1.34218 
4 8 50.26548 102342.61 20.19603 401.78721 21.97871 437.25256 21.97871 437.25256 16.27957 323.87169 1.32496 
5 8 50.26548 120220.82 20.84973 414.79225 23.44372 466.39803 23.44372 466.39803 16.98558 337.91728 1.57526 
Mean 8 50.26548 101104.3 20.0359 398.60155 22.1365 440.3918 22.1365 440.3918 16.3381 325.0364 1.44345 
Std. Dev. 0 0 15388.07 1.68659 33.5536 1.65724 32.9698 1.65724 32.9698 0.76909 15.30063 0.1119 
3. Result 
The value of the Continuum Damage variable has been determined from the experiments and subsequent instantaneous 
values of elasticity modulus have been computed and further compared with the experimentally observed values indicated in 
Table 2. For calculation of Eth, the instantaneous elasticity modulus is reduced by applying the continuum damage based 
variable D as explained earlier. The reduction in E can be calculated over the entre strain range. While the experimentally 
observed values deviate from the computed values, the differences may be attributed to the unavailability of the appropriate 
damage parameters for the material at hand. Values of initial damage and critical damage as assumed here need to be 
determined experimentally using appropriate sophisticated experimental procedures. Further, the gauge length of the test 
specimen also needs to be characterized more accurately. However, the nature of the degradation curve as shown in Fig. 3 
may be considered to be quite in agreement with the expected nature of the degradation observed in steel by Thakkar and 
Pandey [8]. 
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                                              Table 2. Comparison of Theoretical and Experimental modulus of Elasticity  
 
Specimen THEORETICAL 
MODULUS OF 
ELASTICITY (ETH) 
EXPERIMENTAL 
MODULUS OF 
ELASTICITY (EEXP) 
1 
2 
3 
4 
5 
 
53396.2 
60351.4 
64161.6 
74198.7 
87160.5 
 
111217 
83243 
88498.4 
102343 
12022 
MEAN  73300.9 101104 
 
 
Fig. 3. Damage progression curves 
4. Conclusion 
 Cyclic uni-axial tensile tests have been carried out on a large number of Mild Steel and Thermo-Mechanically 
Treated bars. Various mechanical properties such as the yield stress, initial modulus of elasticity, rupture strain, etc. have 
been obtained from the experiments. 
Smeared approach of Continuum Damage Mechanics can be globally applied to the bars. However, once a crack is 
formed in the bar, simulated here by additional one or two notches, the reduction in Elasticity Modulus obtained by smeared 
approach of Continuum Damage Mechanics deviates by approximately 27.8%. The prime reason for this deviation could be 
that while the smeared approach does consider reduction in area, the stress concentration around a large crack may need 
special attention. Further, due to the introduced cracks, which are of half diameter of the bars, there would be additional 
bending moments generated on the bar, which would have been ignored by the damage curves as they have been generated 
by axial tensile tests. The damage characterization parameters such as initial and critical damage must be characterized more 
accurately by dedicated experiments. 
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